ABSTRACT: Novel deep-red emissive poly(2,6-BODIPY-ethynylene)s bearing dodecyl side chains (polymers A, B, and C) have been prepared by palladium-catalyzed Sonogashira polymerization of 2,6-diiodo-functionalized BODIPY monomers with 2,6-diethynyl-functionalized BODIPY monomers. These polymers emit in the deep-red region with emission maxima at up to 690 nm, and exhibit significant red shifts (up to 166 and 179 nm) of both absorption and emission maxima compared with their parent BODIPY dyes due to significant extension of p-conjugation. These polymers possess good thermal stability with decomposition temperature between 270 and 360 C. The polymers exhibit a little larger Stokes shifts and shorter lifetime than their corresponding BODIPY dyes. The solid state thin films of polymers A, B, and C emit in near-infrared region between 723 and 743 nm, and show significantly red shifts (up to 57 nm) in absorption and emission maxima relative to their polymer solution.
INTRODUCTION
Conjugated polymers have a broad range of applications in organic light emitting diodes (OLEDs) for flat panel displays, [1] [2] [3] photovoltaic devices for solar energy conversion, 4 thin-film transistors, 5 and chemical and biological sensors. [6] [7] [8] The conjugated polymers include polyacetylenes, 9 ,10 polyanilines, 11 poly(p-phenylene)s, 12 polythiophenes, 7, 13, 14 polypyrroles, 15 poly(2,7-fluorene)s and derivatives, 16, 17 poly(3,6-carbazole)s, 18 organophosphorus conjugated polymers, 19, 20 poly(arylene-vinylene)s, 2 poly(arylene-ethynylene)s, 21 squarainebased polymers, 22 organometallic conjugated polymers. 23 , 24 4,4-Difluoro-4-bora-3a,4a-diaza-sindacene (BODIPY) dyes have received renewed interest because of their many distinctive and desirable properties such as high absorption coefficients, narrow absorption bands, sharp emissions, high fluorescent quantum yields, and excellent chemical and photostabilities. [25] [26] [27] However, BODIPY dyes as blocking units have not been fully explored to prepare new series of conjugated polymers with innovative molecular architectures and unique electronic properties have been ignored. There is one interesting paper reported about BODIPY-based polymers. All the polymers with different phenylene-ethynylene and fluorene-ethynylene units show almost identical emission maxima at 532 nm as that of typical BODIPY dyes 28 because the phenyleneethynylene and fluorene-ethynylene units were attached to sp 3 -hybridized boron atoms at positions 4 and 4 0 . 28 Therefore, it is very important to prepare BODIPY-based deep-red emissive Additional Supporting Information may be found in the online version of this article.
Correspondence to: H. Liu (E-mail: hyliu@mtu.edu) conjugated polymers to extend p-conjugation of BODIPY dye systems for various applications. Our hypothesis is that palladium-catalyzed Sonogashira polymerization of BODIPY dyes through positions 2 and 6 will result in new kind of linear rigid conjugated polymers with significantly extended p-conjugation. The solubility of BODIPYbased conjugated polymers can be controlled by functionalization of meso-phenyl ring with a large variety of substituents at different positions.
Very recently, BODIPY-based conjugated copolymers and co-oligomers have been reported. 29, 30 In this article, we demonstrate the feasibility of the hypothesis to prepare new kind of deep-red emissive conjugated polymers with triple-bond connections between BODIPY cores at positions 2 and 6, poly(2,6-BODIPY-ethynylene)s bearing dodecyl side chains (Polymers A, B and C) (Scheme 1). These conjugated polymers emit in deep-red region with emission spectral maximum at up to 690 nm, and display significant red shifts (up to 173 and 180 nm) of both absorption and emission spectral maxima compared with their starting BODIPY dyes, respectively, because of significant extension of p-conjugation (Scheme 1). These polymers show good thermal stability and their solid state thin films emit in near-infrared region. Polymer C is red-shifted up to 70 nm more than BODIPY-based conjugated co-oligomer with four repeated units in emission. , and 10 5 Å were used and housed in an oven thermostated at 30 C. Mobile phase was HPLC grade THF which was filtered and degassed by vacuum filtration through a 0.5 lm fluoropore filter prior to use. The polymers were detected by a Waters Model 440 ultraviolet absorbance detector at a wavelength of 254 nm and a Waters Model 2410 refractive index detector. Molecular weights were measured relative to polystyrene standards.
Materials
Unless otherwise indicated, all reagents and solvents were obtained from commercial suppliers (Aldrich, Sigma, Fluka, Acros Organics, Fisher Scientific, Lancaster), and were used without further purification. Air-and moisture-sensitive reactions were conducted in oven-dried glassware using standard Schlenk line or dry box techniques under an inert atmosphere of dry nitrogen.
Compound 1a
When 150 mL of degassed DMF was added to in a 500-mL three-neck round-bottom flask containing 4-hydroxybezaldehyde (40.9 mmol, 5 g), 1-bromododecane (49.2 mmol, 12.2 g), and K 2 CO 3 (122 mmol, 16.8 g) under a nitrogen atmosphere, the mixture was stirred for 4 h at 80 C under a nitrogen atmosphere. After completion of the reaction (which was monitored by TLC), the reaction mixture was concentrated under reduced pressure, added to water, and extracted with EtOAc. The organic layer was washed twice with water and saturated NaCl solution, dried over anhydrous MgSO 4 , and concentrated under reduced pressure. The resulting crude product was purified by silica gel column chromatography using hexane/EtOAc (80/20, v/v) to obtain brown liquid (11.6 g, 98% 
BODIPY 3a
Compound 1a (17.4 mmol, 5.06 g) and 2,4-dimethylpyrrole (34.9 mmol, 3.32 g) were dissolved in 1200 mL of dry CH 2 Cl 2 in a 2000-mL threeneck flask. Eight drops of TFA were added to the reaction mixture, and resulting mixture was stirred in dark for 12 h under nitrogen atmosphere at room temperature. After the complete consumption of aldehyde (1a) (which was conformed by TLC), DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone) (17.4 mmol 3.95 g) in 100 mL of CH 2 Cl 2 was added to the reaction mixture. When the mixture was stirred for 30 min, 35 mL of diisopropylethylamine (DIEA), and 35 mL of BF 3 OEt 2 were added to the mixture. After the mixture was further stirred for 30 min, it was concentrated to 200 mL and filtered. The filtrate was washed once with sodium bicarbonate solution and twice with water, dried over anhydrous MgSO 4 , and concentrated under reduced pressure. The crude product was purified by column chromatography using hexane/ EtOAc (90/10 to 70/30, v/v) to obtain dark brown crystalline solid (3.18 g, 36% 
BODIPY Dye 4a
When iodic acid (12.3 mmol, 2.18 g) in 5 mL of water was added dropwise to the ethanol solution (50 mL) containing BODIPY dye 3a (5.9 mmol 3.0 g) and iodine (12.9 mmol 1.64 g) over 30 min, the mixture was stirred for 2 hours. After the completion of the reaction, the unreacted iodine was quenched with sodium thiosulphate and the mixture was concentrated under reduced pressure and dissolved in CH 2 Cl 2 , and washed twice with water and saturated saline solution. The organic layer was collected, dried over anhydrous MgSO 4 , and concentrated under reduced pressure. The crude product was purified by column chromatography to yield 4a as red crystals (4.4 g, 98% 
BODIPY Dye 5a
BODIPY dye 4a (3.28 mmol, 2.5 g), CuI (0.02 mmol, 0.004 g), and Pd(PPh 3 ) 2 Cl 2 (0.02 mmol, 0.015 g) were added to a 250-mL three-neck round-bottom flask under a nitrogen atmosphere. When 20 mL of anhydrous degassed THF, 30 mL of anhydrous diisopropylamine, and trimethylsilylacetylene (8.2 mmol, 0.8 g) were added to the flask, the mixture was stirred under reflux for 12 hours. After the completion of the reaction (which was monitored by TLC), the reaction mixture was concentrated and dissolved in 50 mL of CH 2 Cl 2 , washed twice with water and saturated saline solution. The organic layer was collected, dried over anhydrous MgSO 4 , and concentrated under reduced pressure. The product was purified by neutralized silica gel column chromatography using hexane/EtOAc (95/5 to 80/20, v/v) to yield orange-red solid (1.89 g, 81% 
BODIPY Dye 6a
When BODIPY dye 5a (2.1 mmol, 1.50 g) was dissolved in degassed THF (8 mL) in a 100-mL flask at À70 C, tetrabutylammonium fluoride (TBAF) (5.2 mmol, 1.3 g, 5.2 mL of 1 M solution) was added dropwise to the mixture via syringe. The reaction temperature was brought to the room temperature and the mixture was further stirred for 2 h. After completion of the reaction, the mixture was acidified with acetic acid and extracted with CH 2 Cl 2 . The extracted organic layer washed twice with water and saturated saline solution, dried over anhydrous MgSO 4 , and concentrated under reduced pressure. The crude product was purified by column chromatography using hexane/EtOAc (20/80, v/v) to give the desired product as orange-pink crystalline solid (0.84 g, 72% 
Polymer A BODIPY dye 4a (0.133 mmol, 0.100 g), BODIPY dye 6a (0.144 mmol, 0.080 g), CuI (0.01 mmol, 0.002 g) were added to 100-mL flask under a nitrogen atmosphere. In the glove box, Pd(PPh 3 ) 4 (0.01 mmol, 0.012 g) was added to the flask. When a degassed mixed solution of anhydrous THF (20 mL) and anhydrous diisopropylamine (20 mL) were added to the flask, the mixture was stirred under reflux for 24 h. After removal of the solvent, the residue was dissolved in methylene chloride (5 mL) added to 400 mL of ethanol and stirred for 2 h to precipitate the polymer. The precipitated solid was filtered and washed with excess ethanol and hexane. The obtained solid dried under vacuum for 24 h at room temperature to obtain darkviolet solid (0.150 g). 
BODIPY Dye 6b
BODIPY dye 6b was prepared and purified according to the method for BODIPY 6a by using BODIPY dye 5b (2.2 mmol, 2.0 g), affording the desired product as orange-pink crystalline solid (1.1 g, 70% 
Compound 02
When 200 mL of degassed DMF was added to in a 500-mL three-neck round-bottom flask containing methyl-3,4,5-trihydroxybenzoate (13.6mmol, 2.5 g), 1-bromododecane (47.6 mmol, 11.8 g) and K 2 CO 3 (54 mmol, 7.5 g) under a nitrogen atmosphere, the mixture was stirred for 4 h at 80 C under a nitrogen atmosphere. After completion of the reaction (which was monitored by TLC), the reaction mixture was concentrated under reduced pressure, added to water and extracted with hexane. The organic layer was washed twice with water and saturated NaCl solution, dried over anhydrous MgSO 4 , and concentrated under reduced pressure. The resulting crude product was purified by silica gel column chromatography using hexane/EtOAc (98/2, v/v) to obtain white solid (9.2 g, 98%). 
Compound 03
Compound 02 (13.1 mmol, 9g) in 50 mL of dry diethylether was added to LiAlH 4 (26.2 mmol, 1g) suspended in 100 mL diethylether in a dry 250-mL three-neck round-bottom flask. After stirring for 24 h, the reaction was quenched with ethanol and water at 0 C. The resulting solution was filtered and washed twice with water, dried over anhydrous MgSO 4 , and concentrated under reduced pressure. The resulting crude product was purified by silica gel column chromatography to obtain white solid (5.6 g, 65% 
Compound 1c
Compound 03 (8.3 mmol, 5.5 g) and pyridiniumchlorocromate (PCC) (12.4 mmol, 2.6 g) were taken in a 250-mL round-bottom flask and 100 mL of dry CH 2 Cl 2 was added in nitrogen atmosphere. After refluxing for 4 h, the mixture was filtered and the organic layer was washed with brine, dried over anhydrous MgSO 4 , and concentrated under reduced pressure. The resulting crude product was purified by silica gel column chromatography to obtain white solid (5.1 g, 95% 
BODIPY Dye 3c
BODIPY dye 3c was prepared and purified according to the method for BODIPY dye 3a by reacting compound 1c (17.4 mmol, 11.4 g) with 2,4-dimethylpyrrole (34.9 mmol, 3.32 g), affording BODIPY dye 3c as dark brown crystalline solid (4.5 g, 30% 
BODIPY Dye 5c
BODIPY dye 5c was prepared and purified according to method for BODIPY dye 5a by using BODIPY dye 4c (3.3 mmol, 4.0 g), affording the product as orange-red solid (2.9 g, 78%). 
BODIPY Dye 6c
BODIPY dye 6c was prepared and purified according to the method for BODIPY dye 6a by using BODIPY dye 5c (2.2 mmol, 2.4 g), giving the desired product as dark orange-pink crystalline solid (1.4 g, 72% 
RESULTS AND DISCUSSION

Synthesis and Characterization of the Monomers and Polymers
We introduced several dodecyloxy-substituted phenyl groups to BODIPY cores at the mesoposition to control solubility of BODIPY-based conjugated polymers (Schemes 2-4). BODIPY dyes were synthesized by using 4-dodecyloxy, 3,4-bis (dodecyloxy), 3,4,5-tris(dodecyloxy) bezaldehydes (1a, 1b, and 1c) as starting materials, which were prepared by reacting corresponding hydroxybezaldehydes with 1-bromododecane under a basic condition. The bezaldehyde derivatives (1a, 1b, and 1c) were reacted with an excess of 2,4-dimethylpyrrole under acid catalysis, and followed by oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and treatment with BF 3 -etherate in the presence of N,N-diisopropylethylamine (DIEA), affording meso-aryl-substituted BODIPY dyes (3a, 3b, and 3c) (Schemes 2-4). 2,6-Diiodotetramethyl BODIPY dyes (4a, 4b, and 4c) were obtained by further iodination of BODIPY dyes (3a, 3b, and 3c) in mixed solution of ethanol and water in the presence of iodine and iodic acid. 33 Palladium-catalyzed Sonogashira coupling of BODIPY dyes 4a, 4b, and 4c with ethynyltrimethylsilane afforded BODIPY dyes 5a, 5b, and 5c. Further hydrolysis of BODIPY dyes 5a, 5b, and 5c in THF solution in the presence of tetrabutylammonium fluoride yielded 2,6-diethynyl 1 H NMR spectra of BODIPY dyes 4a and 6a, and polymer A in CDCl 3 solution.
BODIPY dyes (6a, 6b, and 6c).
11
B NMR spectra of BODIPY dyes 5a, 5b, 5c, 6a, 6b, and 6c showed there are triplet peaks at 3.82 ppm corresponding to boron atom in these BODIPY dyes, indicating that BODIPY core is intact during hydrolysis in the presence of tetrabutylammonium fluoride under a nitrogen atmosphere. Diethynylation of BODIPY dye 4a results in an additional peak at 3.3 ppm corresponding to diethynyl groups in BODIPY dye 6a and shift peaks at 1.4 ppm corresponding to methyl group of BODIPY dye 4a at position 1 to lower field at 1.5 ppm in BODIPY 6a and while other peaks corresponding to positions 2-16 remain unchanged (Fig. 1) . Palladium-catalyzed Sonogashira polymerization of 2,6-diiodo-functionalized BODIPY dyes (4a, 4b, and 4c) with 2,6-diethynyl-functionalized BODIPY dyes (6a, 6b, and 6c) (Scheme 2) in THF solution in the presence of Pd(PPh 3 ) 4 , CuI, and diisopropylamine, 6,34-37 affording BODIPY-based conjugated polymers with 2,6-BODIPY-ethynylene repeated units (polymers A, B and C), respectively (Schemes 2-4). H NMR spectral peaks of polymer A become broader compared with those of its monomers (4a and 6a), and are almost identical as those of monomer 6a, except the peak corresponding to the monomer diethynyl groups (Fig. 1) . A similar chemical shifts were also observed in polymers B and C, and their corresponding monomers (Figs. 2 and 3) . Polymers A, B, and C are soluble in common organic solvents such as chloroform, methylene chloride and THF. However, the solubility order is polymer C [ polymer B [ polymer A as the introduction of more side chains to each BODIPY core enhances solvation of conjugated polymers. Molecular weight and molecular weight distribution were measured by gel permeation chromatography (GPC) in THF solution and calibrated against polystyrene standards. Molecular weights of polymers A, B, and C are 14,400, 20,600, and 26,700 g/mol, respectively. GPC tends to overestimate the molecular weights of rigid, conjugated polymers since poly(2,6-BODIPY-ethynylene)s adopt a more rod-like conformation in solution. It is reported that GPC calculated molecular weights are a factor of 1.5 times higher as the apparent molecular weight of rigid conjugated polymers is influenced by the fairly rigid backbone compared to polystyrene.
38,39
Photophysical Properties
The absorption properties of green emissive BODIPY dye (3a) are characterized by a strong S 0 ! S 1 (p-p*) transition at 501 nm and a weaker broad band around 350 nm ascribed to the S 0 ! S 2 (p-p*) transition (Fig. 4) . Introduction of 2,6-diiodo substituents to the BODIPY core leads to a large red shifts (33 and 38 nm) of both the UV-absorption and fluorescence maxima, respectively, significantly depresses the fluorescence quantum yield because of efficient intersystem crossing induced by the heavy atom effect of iodine (Fig. 4, Table 1 ). 2,6-Diethynylation of 2,6-diiodo-tetramethyl BODIPY (4a) results in a little red shift due to the enhanced conjugation. However, polymer A emits in deep red region at 680 nm, and exhibits pronounced bathochromic shifts (149 and 211 nm) of both the absorption and fluorescence maxima relative to the initial BODIPY dye (3a) because of its significant extension of p-conjugation (Fig. 4 and Table 1 ). Polymer B displays an absorption maximum at 662 nm and fluorescence maximum at 684 nm, a slight red shift relative to polymer A. Polymer C displays a slight red shift compared with polymer B as it shows absorption maximum at 669 nm and fluorescence maximum at 690 nm. The absorption peaks of conjugated polymers become broader than BODIPY monomers due to the extended pconjugation (Fig. 5 ). Polymer C is red-shifted up to 70 nm compared with BODIPY-based conjugated co-oligomer with four repeated units in emission. 30 In addition, polymers A, B, and C display a little more Stokes shifts than their corresponding BODIPY dyes (Table 1) . BODIPY dyes (3a, 3b, 3c, 5a, 5b, 5c, 6a, 6b, and 6c) show fluorescence lifetimes in several nanoseconds (Table  1) . However, the diiodo-functionalized BODIPY dyes (4a, 4b, and 4c) display much shorter fluorescence lifetimes (ranging from 0.15 to 0.21 ns), consistent with their decreased quantum yields because of efficient intersystem crossing induced by the heavy atom effect of iodine (Table 1) .
Solid-state absorption and emission data were collected to determine effect of the polymer aggregation on their optical properties. The solid state film was prepared by spin-casting methylene chloride solutions of the polymers onto quartz discs. The absorption and emission spectra of the film reflect polymer p-p stacking effects. The absorption spectra of the polymers in thin films became a little broader, and the absorption maximums were obviously red-shifted compared with those in methylene chloride solutions. The fluorescence spectra of the polymers in solid state thin films retain most of the spectra features in solution and exhibit red shifts by 43-57 nm with their maximums in near-infrared region from 723 to 743 nm and a shoulder peak around 800 nm compared with those obtained from methylene chloride solution, indicating the presence of intermolecular electronic interaction and/or increase in coplanarity of the polymer in the solid state (Figs. 4-6) . The Stokes shift of polymer A (43 nm) in solid state film is remarkably greater than those of polymer B (13 nm) and polymer C (17 nm) in solid state film, indicating there are larger structural difference between the ground and excited states in polymer A.
Arylation at the meso position has no significant effect on the absorption and emission maxima of BODIPY dyes since the arylated moiety is not coplanar with the BODIPY core due to steric hindrance although the substitution position is structurally different (Table 1) . 40 As a result, three different BODIPY monomers (4a-4c and 6a-6c) each have only 1 or 2 nm difference among their respective absorption or emission spectral 1 H NMR spectra of BODIPY dyes 4c and 6c, and polymer C in CDCl 3 solution. maxima. However, the absorption and emission maxima of polymer C are somewhat more redshifted relative to those of polymers A and B, which might arise from amplification effect of conjugated polymers. Polymers A, B, and C displays a little shorter fluorescence lifetimes than their starting BODIPY dyes (3a, 3b, and 3c) ( Table 1) .
Thermal Stabilities of the Polymers
Thermal stabilities of polymers A, B and C were evaluated by thermogravimetrc analysis (TGA) at the heating rate of 20 C/min under nitrogen atmosphere. The thermograms in Figure 7 show that polymers A, B, and C lost 5% of their weight at 320, 340, and 307 C (the decomposition Figure 4 . UV-vis absorption (solid line) and fluorescence (dash line) spectra of BODIPY dyes 3a, 4a, 5a, 6a and polymer A in methylene chloride solution, and thin film of polymer A. temperature (T d ) that corresponds to weight loss of 5%), respectively, which suggests their good thermal stability. Differential scanning calorimetry (DSC) of polymers did not give a clear phase transition, which may arise from rigid backbone and high molecular weight of the polymers. 43 
CONCLUSIONS
We have successfully synthesized three new deepred emissive poly(2,6-BODIPY-ethynylene)s with triple-bond connection between BODIPY cores at positions 2 and 6 in polymer backbones by exploring 2,6-functionalization of BODIPY dyes. Significant delocalization was observed in the rigid BODIPY-type polymers, where bridging alkynyl functionalities allow for a high degree of conjugation between BODIPY monomer units. In addition, polymers display a little larger Stoke shifts than their corresponding BODIPY dyes. Solid state thin-films of the polymers are significantly red-shifted in absorption and emission spectra, and fluorescent in near-infrared region. These polymers showed good thermal stability. A variety of functional groups such as chemical receptors and carbohydrates can be introduced to BODIPY polymers at the meso-position of BODIPY cores for chemical and biological sensing, and imaging applications. 
